Highlights  The N 2 O emission factor for CAN was substantially higher than the IPCC default and highly variable between sites and across years.
Introduction
Agriculture, incorporating forestry, and other land uses (AFOLU), is estimated to be responsible for just under a quarter of anthropogenic greenhouse gas (GHG) emissions (IPCC, 2014) with food production estimated to be responsible for generating 60% of anthropogenic nitrous oxide (N 2 O) emissions in 2006 (Syakila and Kroeze, 2011) . The primary driver for increased concentrations of N 2 O is enhanced microbial activity in highly fertilised agricultural lands (IPCC, 2007) , with the accelerating use of synthetic nitrogen (N) fertilisers driving this increase since the 1960s (Davidson, 2009) biological denitrification, the process by which NO 3 -is reduced to the gaseous compounds, NO, N 2 O and N 2 (Meixner and Yang, 2006) . Optimal conditions for denitrification include high soil water filled pore space (WFPS), combined with sufficient NO 3 -and an available carbon (C) source (Davidson and Swank, 1986; Davidson et al., 2000; Shelton et al., 2000) .
N 2 O sources
In Europe, grassland is one of the dominant land uses, and the major contributor to greenhouse gas emissions, with fluxes closely associated with management practices (Soussana et al., 2007) . In 2011, about 38% of European agricultural land was devoted to permanent grassland (FAOSTAT, 2015) ; while in Ireland, in the same year, this figure was over 82% (for improved grassland) increasing to 92% upon inclusion of rough grazing (CSO, 2012) . Quantification of N 2 O emissions is challenging due to a large number of interacting drivers that result in a high degree of temporal and spatial heterogeneity in emissions, which 6 are generally characterised by "hot spots and hot moments" (Butterbach-Bahl et al., 2013) . In grassland soils high levels of soil microbial activity stimulated by high C and N inputs, dense root systems and C/N input from above-ground decaying biomass are the most likely cause for high N 2 O emissions (Schaufler et al., 2010) .
Fertiliser form
Globally consumption of straight N products is 137.7 Mt N yr -1 of which 63% is urea and 10% is ammonium nitrate/calcium ammonium nitrate (AN/CAN). In contrast, N consumption in Western Europe is dominated by AN/CAN. In the UK N consumption is 0.86 Mt N yr -1 of which 64% is AN/CAN and only 18.3% urea (IFADATA, 2013) . In Ireland, CAN and urea application on grassland is in the ratio of 84:16 (Duffy et al., 2014) . The reasons for the relatively low urea usage across the UK and Ireland goes back to results from early experiments which showed that urea was less effective than other straight forms of N (Smil, 2001 ). This was often due to a) loss of N efficiency due to ammonia volatilisation, driven by both soil conditions and climatic factors post-fertiliser application (Watson, 2000) and b) the lower density of urea compared to AN/CAN impacting on uniform field spreading (Dampney et al., 2003) .
N stabilisation
N stabilisers are compounds that extend the time the N component of the fertiliser remains in the soil in the urea or ammoniacal form (Watson et al., 2009) . Natural suppression of soil nitrification by plants has also been observed in some ecosystems, and is referred to as biological nitrification inhibition (Subbarao et al., 2006) . This natural inhibition is most likely an evolutionary adaptation to ensure conservation and efficient use of N in natural systems 7 which have low-N availability (Lata et al., 2004) . There are two main categories of commercially available N stabilisers:
1.3.1 Nitrification inhibitors (NIs) are compounds that delay the bacterial oxidation of NH 4 + by impeding the activities of soil-nitrifying bacteria (Subbarao et al., 2012) . By retaining N in (NH 4 + )-N ammonium form for longer, NIs reduce losses through denitrification and leaching of NO 3 --N and potentially increase the efficiency of N applied. Dicyandiamide (DCD) has been used in agriculture for many years (Fox and Bandel, 1986) because it is cheap, soluble in water and not volatile. Although the percentage reductions in NO 3 --N leaching and N 2 O emissions by DCD in New Zealand are relatively large, the additional N available for plant uptake in the soil where DCD is present is small (Smith et al., 2008 , Monaghan et al., 2009 ).
Urease inhibitors (UIs)
The most common commercially available urease inhibitor is Agrotain®, which was introduced onto the US market in the mid 1990's, has the active ingredient N-(n-butyl) thiophosphoric triamide (NBPT), a structural analogue of urea. The oxygen analog of NBPT (NBPTo) (Engel et al., 2015) inhibits the hydrolytic action of soil urease, which catalyses the hydrolysis of urea to ammonium carbonate, by blocking the active site of the enzyme. NBPT delays the rate of urea hydrolysis to NH 4 + -N and hence moderates the localised zones of high pH and NH 4 + -N concentrations, which result from urea hydrolysis and which are conducive to NH 3 volatilisation. The urease inhibitor has been shown to be highly effective at low concentrations (<500 ppm by weight of urea), lowering NH 3 losses from surface-applied urea (Watson et al., 2008) and increasing yield and N uptake compared with unamended urea (Watson et al., 2009 ). In the UK, field trials on grassland and tillage land showed that NBPT reduced ammonia emissions from untreated granular urea by 73% on average when used at a concentration of 500 or 1000 mg kg -1 (Chambers and Dampney, 2009) . In New Zealand, the addition of NBPT increased total pasture production by 17% compared to urea alone (Zaman et al., 2008) .
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In addition a maleic and itaconic acid copolymer (MIP) has been marketed globally as a urease and a nitrification inhibitor under the trade name Nutrisphere®. There is limited information regarding its effect on N 2 O emissions.
Impact of N form on N 2 O emission factors
Meta-analyses of fertiliser types indicate that there can be differences in N 2 O emissions between different fertiliser N forms (Bouwman et al., 2002; Venterea et al., 2005) , with N 2 O loss occurring more quickly for AN/CAN and higher N 2 O emission factors (%) for AN/CAN compared to urea , Dobbie and Smith 2003 .
Consequently, the portion of N delivered as NH 4 + and NO 3 -and urea may affect N 2 O emissions. Superimposed on this variation are the further impacts associated with soil type such as differences in physical characteristics, such as texture and bulk density (which impact WFPS), chemical characteristics such as soil C, N and pH, and biological properties such as the proportion of fungi and bacteria (van der Weerden et al., 2012 , Kelliher et al., 2014 .
Despite this multiplicity of influences on N 2 O emissions, the IPCC uses the same 1% default emission factor irrespective of form of N or soil type. The use of CAN, particularly at wet and/or high organic matter sites can result in high N 2 O emissions (Watson et al., 2009) . The rationale for the current study was to evaluate whether substituting CAN with a urea-based product could be a potential mitigation strategy to reduce direct N 2 O emissions from contrasting temperate grassland soils. However, urea is subject to N loss via ammonia volatilisation and this can be mitigated by the use of a urease inhibitor and nitrification can be delayed by use of a nitrification inhibitor. An additional objective was to generate disaggregated emission factors based on N form and drainage class for inclusion in the Irish GHG Inventory.
Material and Methods
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The experiment was conducted over two years at six permanent pasture sites at three locations on the island of Ireland: Johnstown Castle, Co. Wexford (JC) 52°18'27N, 6°30'14W, Moorepark, Co. Cork (MP) 52°9'27"N, 8°14'42"W and Hillsborough, Co. Down (HB) 54°27'827N, 6°04'57873W covering a range of soil and climatic conditions. In the second year the experiment moved to a new site at each location, to overcome any carryover effects from the first year. Both HB sites were under pasture for more than 20 years, the MP sites had been reseeded three (2013 site) and four (2014 site) years prior to the start of the experiment and the JC sites had been reseeded three years prior to (2013 site) and in the year before (2014 site) the start of the experiment. In all experimental treatments annual fertiliser N was surface applied at 200 kg N ha -1 in five equal splits. The experimental plots (each plot was 12m x 2m) were arranged in a randomised block design with five replicates. The treatments were:
 CAN, Urea, Urea+NBPT, Urea +DCD, Urea + NBPT + DCD and a control (zero N).
Two additional treatments were applied at the MP and JC sites in year 2.
 Urea + MIP and a CAN/urea blend (50% CAN-N and 50% Urea-N).
The same source of urea (Koch, U.S.A.) was used for all urea formulations across all sites and years (except Urea+MIP) and the DCD was incorporated into the urea melt as part of the manufacturing process, at a rate of 1.6% on a urea weight basis, giving a DCD rate of 1.39 kg DCD ha -1 application -1 or 6.96 kg DCD ha -1 yr -1 . The NBPT was coated onto the urea granule at the Agri-Food and Biosciences Institute, Belfast at a rate of 600ppm NBPT on a urea weight basis. The Urea+MIP was a commercially available product purchased for the study.
N 2 O measurement and sample analysis
N 2 O fluxes were measured over a 12 month period using the closed, static chamber technique (Chadwick et al., 2014) with the chamber design consistent across the three sites. The stainless steel chambers consisted of a chamber base measuring 0.4m x 0.4m wide and 0.1m high which was inserted into the ground to a depth of ≥5 cm, with a corresponding lid of height 0.1m. The bases were inserted into the ground at least 3 days prior to commencing the experiment and were left in position for the duration of the experiment and removed only for grass harvest being returned immediately to the same position. Gas sampling was undertaken between 10.00 and 14.00 hours, as this was reported to best represent the average daily flux (Smith and Dobbie, 2001; van der Weerden et al., 2013) . Reeves and Wang, (2015) refined the optimum sampling time to between mid-morning (09:00) and midday (12:00) as sampling conducted in the early afternoon was observed to overestimate daily emissions due to higher soil temperatures. Headspace samples (20 ml at HB, 10 ml at JC and MP) were taken after a 40 min chamber closure period on four occasions per week during the first and second week after N application, reducing to twice per week for the next two weeks and then once per week until the next N application. Sampling was reduced to fortnightly over the winter period, once N 2 O fluxes returned to baseline levels. Two chambers per plot were used at HB and one chamber per plot was used at MP and JC. These chambers were located at one end of the experimental plots, with the remaining area being used for an agronomic trial which ran concurrently.
Ambient air samples acted as the time zero (T 0 ) N 2 O estimate for all headspace N 2 O calculations, as per Chadwick et al. (2014) who showed that using ambient air as a surrogate for individual chamber T 0 headspace samples did not result in any consistent bias in calculating fluxes. Gas samples were injected into 12 ml (HB) or 7 ml (JC and MP) preevacuated glass vials with double-wadded PTFE/silicone septa (Labco, UK) which were over pressurised during storage. The vials were brought back to atmospheric pressure immediately prior to analysis by gas chromatography (GC). Gas standard samples were stored and 11 analysed with each batch of field generated samples to determine if losses occurred during storage. GC analysis was generally completed within 2 weeks of field measurements.
The linearity (or lack of linearity) of N 2 O accumulation within the chamber headspace was determined on every sampling occasion from three chambers at HB and five chambers each at MP and JC selected at random from plots receiving fertiliser. The linearity headspace gas sample was taken at 0, 15, 30, 40 and 60 minutes after lid closure for this subset of chambers.
JC and MP samples were analysed for N 2 O concentrations using Bruker Scion 456 GCs with a 63Ni electron capture detector (ECD) and at HB using a Bruker 450 GC-ECD (Bruker, Germany). Samples were injected into each GC using a Combi-PAL xt® auto-sampler (CTC Analytics AG, Switzerland). The precision limits for each site were calculated (Ellison et al., 2009) following Eq. (1) (adapted from Kelliher et al. (2013) :
Where:
ΔC/Δt is the slope of the line for T 0 and T 40 (Saggar et al., 2007) , ΔC is the change in gas concentration in the chamber headspace during the enclosure period in ppbv, Δt is the 
Soil and climatic parameters
Climatic measurements included daily air temperature (°C), atmospheric pressure (mbar), rainfall (mm), and soil temperature in the top 10 cm (°C). These were obtained from nearby weather stations (within 1 km of field sites) from the Met Éireann automatic weather stations at JC and MP and the Environmental Change Network weather station at HB.
Soils were sampled to a depth of 10 cm weekly for mineral N during the growing season and fortnightly in winter. These soil samples were extracted for mineral N on the day of 13 collection using 2M KCl at a ratio of 2:1 (v:w) extractant to soil at HB and at a ratio of 5:1 (v:w) extractant to soil at JC and MP. The NH 4 + -N, NO 2 --N and NO 3 --N concentrations were determined using an Aquakem 600 discrete analyser for JC and MP samples, and using a SKALAR automated continuous flow wet chemistry analyser (San++ System, Breda, The Netherlands) at HB. The gravimetric water content of the soil samples was also measured on each soil sampling occasion. Separate volumetric soil moisture measurements were taken on each gas sampling occasion using a hand held ML2x Theta Probe (Delta-T Devices Ltd., HH2, UK) and hourly volumetric moisture was logged at all sites using a CR10X Data logger (Campbell Scientific) with a minimum of four CS-625 Water Content Reflectometer (WCR)
probes. The stone free bulk density at each site was used to calculate WFPS from the volumetric moisture content. Volumetric soil moisture data was first calculated from the gravimetric measurements and this was supplemented with theta probe and WCR volumetric data to provide better temporal resolution.
Statistical analysis
Statistical analysis was conducted using SAS v 9.3 (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , SAS Institute Inc., Cary, NC, U.S.A.). To identify potential outliers in the dataset, the SAS PROC MIXED with residual and influence diagnostics allowed the identification of highly influential observations relative to others in the dataset. These potential outliers were identified using the restricted likelihood distance and further assessed to identify genuine outliers. In this assessment of the temporal data, only three individual flux measurements were judged to be true outliers; these outliers were subsequently excluded from the analysis (the values were 429, 320 and -14 g N 2 O g N Chadwick et al. (2014) . A generalised linear mixed modelling approach was used to test for a fertiliser N treatment effect on annual N 2 O-N loss using the PROC GLIMMIX procedure of SAS 9.3. The two factors analysed were the effect of formulation and the effect of combined site and year (siteyear) on cumulative N 2 O emissions. Cumulative N 2 O data were first checked for normality before analysis. As the data were not normally distributed cumulative N 2 O emission values were log transformed prior to analysis and then back transformed subsequently. Differences between fertiliser treatments were determined using the F-protected least significant difference (LSD) test at the 95% confidence level.
Results
Drivers of N 2 O emissions
Climatic conditions and soil chemical and physical characteristics are shown in Table 1 . Total rainfall for the growing season (1 March to 30 Sept) and annually (365 days after the first fertiliser application) are presented for each of the six site-years in addition to the 30 year long term average rainfall (LTA) and the 30 year growing season average rainfall (GSA).
Rainfall
Annual experimental year rainfall (365 days after the first fertiliser application) at HB exceeded the LTA rainfall by 26% in 2013 and by 18% in 2014 ( and were the best drained sites in the experiment. The HB soils had a lower stone free bulk density than the other sites in both years (0.86 in 2013 and 0.79 in 2014) . The stone-free bulk density at JC in 2014 was the highest (1.27), despite having been recently reseeded. The soil pH at all sites was <6, which was lower than the optimum pH of 6.0 -6.5 for grassland.
Water filled pore space (WFPS)
The site-years exhibiting the highest (HB) and lowest (MP) WFPS in the experiment both occurred in 2013 (Fig 1a, 2a, 3a) . In 2013 at HB the annual average WFPS was 68% and growing season average WFPS was 61% while at MP the annual average WFPS and growing season average WFPS was 43% and 39%, respectively. At JC the annual average WFPS and growing season average WFPS was 51% and 41% respectively. There was greater consistency in WFPS across sites in 2014. At HB the annual average WFPS was 62% and growing season average WFPS was 58%, while at MP the annual average WFPS and growing season average was 68% and 66%, respectively. At JC, the annual average WFPS was 59% and growing season average WFPS was 58%.
Soil mineral N
Soil NO 3 --N and NH 4 + -N concentrations were observed to increase following each fertiliser application (Fig 1b, 2b and 3b 
Temporal nitrous oxide fluxes following fertiliser application
Non-linear gas accumulation within the chamber headspace was <10% at all sites (Table 2) . than those recorded at HB (Fig. 1c) . Relatively little N 2 O loss was associated with the third,
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fourth and fifth fertiliser application and this coincided with a drop in WFPS (Fig 2a) from an annual average WFPS of 48%, to monthly averages of 26% in July and 34% in August.
Similarly at the JC site in 2013, minimal emissions occurred after the July application (Fig   3c) , when the corresponding monthly average WFPS was 27%, half of the annual average WFPS of 54% (Fig 3a) .
At HB in 2014 the highest daily N 2 O fluxes were associated with the first and fourth N applications (340 and 187g N 2 O-N ha -1 d -1 , respectively) and were associated with a WFPS of 88% and 66%, respectively (Fig 1a) . At the MP site in 2014 the emissions profile exhibited a high degree of variability following the fifth application, with high emissions associated with a single block (block 5) which had an average WFPS which was 21% higher than the other occurred at 60%-80% WFPS with 7% below this range and 13% above this range.
Impact of N formulation on cumulative N 2 O emissions
There was a significant site-year by treatment interaction on cumulative N 2 O emissions (P<0.001). At all sites, over the entire experimental period, the highest daily fluxes were dominated by the CAN treatment (Figures 1c, 2c and 3c ). Across the six site-years the same pattern of treatment response was observed: cumulative N 2 O loss was highest for CAN, followed by urea + NBPT, followed by urea alone (Table 3 ). The urea with DCD treatments (urea+DCD and urea+NBPT+DCD) resulted in the lowest N 2 O emissions. The CAN treatment resulted in significantly higher N 2 O emissions than all of the urea-based treatments apart from urea+NBPT at JC in both 2013 and 2014, where although emissions were lower than CAN the difference was not significant (Table 3) and urea were less variable, with cvs of 29% and 14%, respectively.
N 2 O emission factors
Direct EFs for each fertiliser formulation for each year are shown in Table 4 . The CAN N 2 O emission factors were the highest and most variable ranging from 0.58 to 3.81% and were significantly higher than the IPCC default value of 1% in three out of the six site-years. In contrast, the EFs for urea and urea+NBPT formulations were consistently lower than CAN 20 and less variable (ranging from 0.10 -0.69%) and substantially lower than the IPCC default value. The inclusion of DCD in the urea granules generated the lowest EFs. Indeed, in some cases the cumulative N 2 O emissions from the treatments containing DCD were lower than the control plots and hence generated small negative EFs (Table 4) . Emission factors associated with the CAN/Urea treatment (two site-years) ranged from 0.22% to 0.24% while EF's for urea+MIP were between 0.1% and 0.59%.
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Discussion
The main drivers of N 2 O emissions in this experiment have been identified as: N formulation, climatic conditions, soil texture and drainage class.
The effect of N formulation on N 2 O emissions
There was a clear association between fertiliser formulation and N 2 O emissions. At all sites over the entire experimental period the highest daily N 2 O fluxes were dominated by the CAN treatment, with elevated emissions occurring almost directly following a fertiliser application.
At the HB site in particular, the highest emissions were produced in conditions ideal for denitrification of soil NO 3 --N. This was associated with higher than average growing season rainfall (+17%), combined with a high C content and a fine-textured gleysol which led to sustained high WFPS. In contrast the accumulation of NO 3 -and NH 4 + in the soil at JC and MP in the same year coincided with periods where soil WFPS was low and hence N 2 O emissions were low. Overall the current study showed that switching from CAN to any urea form significantly reduced direct N 2 O emissions (with the exception of the urea+NBPT treatment in 2 out of 6 site years). A meta-analysis by Akiyama et al. (2010) , showed that UIs were not effective in reducing N 2 O from urea and they linked any reduction in N 2 O emissions to increased plant assimilation of additional NH 4 + -N thereby reducing levels of nitrification to NO 3 -and potential denitrification losses. Some studies have shown that NBPT significantly reduced N 2 O emissions relative to urea (Tian et al., 2015; Abalos et al., 2012) , while in the present study urea+NBPT generated numerically higher emissions in five site years, being significantly higher in one site year only. This may be related to differences in management practices and environmental conditions between the studies which ranged from temperate (current study) to subtropical to Mediterranean climates. In the current study the nitrification inhibitor DCD was incorporated into the urea granule at manufacture which provided a very 22 targeted delivery compared with spraying a liquid solution of DCD onto the whole paddock (Di and Cameron, 2002; . Comparisons of granular versus liquid DCD application at the same time and rate found no effect of formulation on N leaching or yield (Menneer et al., 2008) . In New Zealand the general recommendation for DCD is 10 kg DCD ha -1 application -1 (Clough et al., 2011) while the effective application rate of DCD in the current study was only 1.39 kg DCD ha -1 application -1 , which represents 7 kg over the whole year compared to 20 kg in New Zealand (2x10 kg applications). Even at this low rate it reduced the N 2 O emissions from urea to levels not significantly different to background. In New Zealand residue issues associated with the use of DCD in pastures were observed (Welten et al., 2016) . Without a clear defined threshold concentration for DCD in food products, this is a potential issue for food safety. The more frequent application of DCD with fertilisation helped to overcome the degradation of DCD in soil (Cahalan et al. 2015) .
While both DCD and NBPT-stabilised urea mitigated N 2 O emissions it will be important in the future to assess the impact of these inhibitor/stabiliser products on other soil nitrogen transformation processes such as mineralisation and immobilisation turnover (MIT) as this could provide insight into long term effects of these products on soil fertility. The addition of MIP to urea did not significantly reduce N 2 O emissions compared with urea which is in agreement with Parkin and Hartfield (2014) who observed no reductions in cumulative N 2 O emissions with MIP in corn (Zea mays L.). They proposed that this was due to significantly higher soil NO 3 --N levels in the MIP treatment which drove higher cumulative N 2 O emissions compared to other enhanced efficiency fertilisers. The same effect was observed in the current study.
The addition of N stabilisers to urea will have an impact on fertiliser cost. In New Zealand Monaghan et al., (2009) Clayton et al., 1997) . This is especially important in high 24 rainfall areas. The results of the current study show that replacing CAN with any urea form, especially in wet grassland, greatly reduced direct N 2 O emissions. This is in agreement with Velthof et al. (1997); Clayton et al. (1997) ; Dobbie and Smith (2003) ; Jones et al (2007) and Smith et al. (2012) .
Soil moisture is also influenced by soil texture and drainage class. At similar levels of precipitation soils with higher clay content will have higher field capacity and volumetric soil moisture content (Cornell University, 2015) compared to soils with low clay content and will be prone to anaerobic conditions after heavy rainfall. This will result in more frequent stimulation of either partial or total denitrification (depending on the soil redox potential) resulting in higher N 2 O emissions from fine textured soils (Butterbach-Bahl and Gundersen, 2011) . The HB soil texture was classified as a clay loam (gleysol) and was imperfectly drained with evidence of gleying (at 0.3m depth). In addition, drainage impeded soils tend to be low in oxygen and tend to lose a greater percentage of N as N 2 O (Dennis et al., 2012) compared to well drained soils, with emissions from managed and grazed grasslands on peat soils among the highest emissions in the world (van Beek et al., 2011) . Results from the current study demonstrated that emissions from CAN at HB were significantly higher than the other two sites, probably due to the higher denitrification potential of these soils combined with higher precipitation at this location especially in 2013. Different soil types have different N 2 O sources under different soil moisture conditions due to inherent differences in hydro-conductivity. For example at a constant WFPS of 60% Pihlatie et al., (2004) showed that nitrification generated 70% of the total N 2 O production in a sandy soil, while the majority of the total N 2 O production originated from denitrification in a peat soil This is related to faster drainage following rainfall being associated with larger pores in the well-drained soil resulting in faster oxygen diffusion which, in turn, will reduce N 2 O production via denitrification due to differences in available water content (van der Weerden 25 et al. , 2010) . There is also evidence that saturated soil conditions increased denitrifier populations in turf grass and both ammonia oxidiser and denitrifier communities under incubation (Mancino and Torello 1986, Di et al., 2014) . Prolonged saturation of the soil at HB in 2013 may, over time, promote microbial community changes which could also contribute to the high N 2 O emissions at this site. Long-term undisturbed grasslands will have a greater proportion of fungi to bacteria that could result in higher N 2 O losses due to the fact that fungi lack the N 2 O reductase enzyme to reduce N 2 O to N 2 (Shoun et al., 1992 , Laughlin et al., 2003 . In addition soils with high clay content are more prone to soil compaction which further induces anoxic conditions favourable for denitrification by affecting oxygen availability and generating larger and longer lasting emissions (Bessou et al., 2010) .
N 2 O emission factors
The current study found that the emission factor for CAN ranged from 0.58 to 3.81%, and for urea formulations it ranged from 0.10% to 0.49%. The variation in CAN EF was highly siteyear dependent while variation in urea EF was dependent on formulation (ie. whether NBPT or DCD was incorporated into the granule). Other studies have also found N 2 O emissions were greater from NO 3 --based fertilisers than from urea (Dobbie and Smith 2003 , Stehfest and Bouwman 2006 , Kuikman et al., 2006 . The range of direct annual EFs in this experiment (0.02-3.81%) are similar to the ranges of EFs calculated by Dobbie and Smith (2003) in Scottish grasslands (1 to 3%), Kuikman et al., (2006) (Hyde et al., 2006 , Rafique et al., 2011 ). In the current study urea reduced direct N 2 O emissions compared to CAN at all sites, while urea+NBPT generated significantly higher emissions than urea in 2/6 site years. While the CAN/urea treatment also showed promising results, with similar N 2 O emissions to NBPT-stabilised urea, it was only assessed in two site years and so further measurement is required. In order to conduct a thorough assessment of fertiliser form on total N 2 O emissions, indirect N 2 O emissions associated with NH 3 volatilisation and re-deposition need to be taken into account as volatilisation from urea has been observed to be substantially higher than that of CAN (Dobbie and Smith 2003; Watson et al., 1990) . Nitrate leaching was not included in the indirect emissions estimate as no difference in leaching rates was expected between the fertiliser formulations (Singh et al., 1991) . Combining the direct and indirect EFs (using the national emission factors of 13.7%
for urea and 1.4% for CAN (Misselbrook et al., 2004 ; EMEP/EEA) for each fertiliser formulation (Table 5) , shows N 2 O emissions that would result from including re-deposition of N following NH 3 volatilisation. Despite the inclusion of indirect emissions, the total N 2 O emissions from CAN were still higher than for any of the urea formulations.
The average direct EF for mineral fertiliser for all treatments across all sites in this study was 0.49%, considerably below the IPCC default of 1%. However, this single summary EF does not accurately reflect the treatment and site differences. Overall EFs, disaggregated by formulations and drainage class are presented in Table 6 . Finally, if fertiliser formulation in Ireland was switched from CAN to urea+NBPT, it is possible to estimate the impact that this would have on the national inventory based on the results of this study. The potential reduction in direct N 2 O-N emissions by switching formulation from CAN to urea+NBPT calculated using the average fertiliser form EFs (Table 6) While the size of EFs are driven by N formulation, climatic conditions, soil texture and drainage class, the results of this study indicate that by switching formulation from CAN to stabilised urea, N 2 O emissions can be reduced by 73%. These estimates could be further improved by using a more detailed analysis of fertiliser usage by soil type.
There were difficulties in estimating the quantity of indirect emissions arising from redeposition of NH 3 but these indirect emissions must be accounted for in order to generate robust EFs. In order to incorporate indirect emissions, the IPCC default value of 1% was used although, as shown in this study the direct N 2 O EF from an ammonium source (urea or urea+NBPT) was much lower. If the default EF for urea 0.25% was used instead of the 1% default value, it would further lower the indirect emissions from urea based formulations.
Conclusion
Fertiliser N formulation, soil texture, drainage class and climatic conditions have been shown to have a significant effect on N 2 O emissions. The highest daily fluxes were following fertiliser applications of CAN. Switching from CAN to any urea formulation significantly reduced direct N 2 O emissions. It is likely that inherent differences in climate and soil properties at HB were responsible for the higher emissions from CAN. In conditions where urea fertiliser is susceptible to N loss through the volatilisation of NH 3, the addition of NBPT to urea would be effective at reducing losses from volatilisation. The emissions from urea+DCD and the double stabilised treatment were the lowest in this study, with N 2 O emissions not significantly different to background levels. However, the addition of stabilisers to urea will have an impact on fertiliser costs. Inclusion of DCD in the urea granule may only be economic if a C credit is given for reduced N 2 O emissions. In contrast the urea+NBPT product is commercially available in the EU and while it is more expensive than straight urea on a weight basis, it is cheaper than CAN on a per unit N basis, offering the 
